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Heparin-induced endothelial cell cytoskeletal reorganization: A poten-
tial mechanism for vascular relaxation. We have previously shown that
heparin given subcutaneously on a daily basis lowers blood pressure in
hypertensive rat models, and that this blood pressure lowering effect is
endothelium-dependent. The present study describes the effects of hepa-
rin on endothelial cell (EC) apical surface structures and cytoskeletal
elements, namely, aetin and vimentin as well as EC proliferative activity.
The EC line (CRL 1998) was cultured, treated with different concentra-
tions of heparin (0, 50, 100, 500 U/mI) for 4, 24 or 48 hours, and fixed for
scanning electron microscopy (SEM), and immunofluorescence micros-
copy (IFM) studies. Enzyme-linked immunosorhent assays (ELISA) and
flow cytometric analysis were performed on EC monolayers treated with
different concentrations of hcparin for quantitative detection of actin and
vimentin. By SEM study the cell surface showed generalized smoothing as
a result of blunting of surface microvilli with increasing time of exposure
and dosage of heparin. By IFM study, the detectable actin signal within
ECs became progressively reduced in both its cellular distribution and the
apparent number of cells that remained reactive. By 48 hr/500 U heparin,
the actin signal was almost undetectable. Vimentin showed a moderate
reduction in the cellular distribution of labeling. Quantitatively, actin was
significantly reduced after the 24 hour treatment with a higher dose of
heparin (500 U/mI), from a baseline optical density (OD) of 1.12 0.060
to 0.866 0.008 (P < 0.0027). After 48 hours of treatment at both 100
U/mI and 500 U/mI heparin, actin was significantly reduced from a
baseline OD of 1.347 0.063 to 1.090 0.039 (P < 0.0039) and 0.844
0.074 (P < 0.008), respectively. However, vimentin was significantly
reduced only after 48 hours of treatment with a high dose of heparin (500
U/mI), from baseline OD 1.82 0.052 to 1.41 0.004 (P < 0.002). The
flow eytometric findings were virtually identical to the ELISA data for
actin and vimentin. These qualitative and quantitative changes in actin and
vimentin are consistent with apparent smoothing and relaxation of the
EC's apical surface. Labeling with the cell cycle marker MIB-1 (monoelo-
nal antibody Ki-67), showed a progressive reduction in the observed
intensity in heparin treated cells with substantially fewer cells being
positive. After a 48 hour treatment with heparin (500 U/mI), most ECs
displayed only dim labeling of the nucleolus. This finding is consistent with
an antiproliferative effect. Overall, these findings are additive to our
previous observations, and demonstrate that heparin causes EC cytoskel-
etal reorganization which is a potential mechanism for vascular relaxation.
Earlier studies by this group have revealed that heparin func-
tions to lower systemic blood pressure in spontaneously hyperten-
sive (SHR) and Goldblatt hypertensive rats [1—5J. This group has
also demonstrated that addition of exogenous heparin to endo-
thelial cell (EC) primary cultures alters the production of two
major vasoactive substances, endothelin-1 (ET-1) and nitric oxide
(NO). Expression of ET-1 is down-regulated at the protein and
mRNA levels, while production of NO is enhanced. These
observations indicate that heparin affects the expression of two
major vasoactive substances in an opposing fashion which suggests
an important role for heparin in blood pressure regulation [6—8].
Major cellular elements in hypertension are the vascular endo-
thelium and smooth muscle cells. Recent literature increasingly
suggests that ECs may play an important role in blood pressure
regulation and in the biology of systemic hypertension [9, 101. This
function of ECs may be attributable to the release of two
important vasoactive substances, ET-1 and NO. ET-l is a potent
vasoconstrictor [111, whereas NO is a potent vasodilator [12].
These vasoactive substances act locally on vascular smooth muscle
cells (VSMC5) lining the vessels.
Previous studies have reported relationships between the EC's
cytoplasmie microfilaments (cytoskeleton) and blood pressure
levels in a coarctation model of hypertension in the rat [13].
Therefore, further defining the relationship between EC cytoskel-
eton and heparin is fundamental to an understanding of the
pathophysiology of hypertension. The present study was designed
to elucidate the effect of heparin on EC morphological and
cytoskeletal changes. This study focuses on the changes in cy-
toskeletal elements, actin and vimentin, in the context of their
relationship to surface structures and morphology. Cell surface
microvilli contain an actin core structure which runs throughout
and is anchored to the cell membrane [14]. This actin core is in
turn anchored to the intermediate filament web which is made up
of vimentin. Actin constitutes both a structural component and a
contractile element which undergo assembly and disassembly as
needed, whereas vimentin is made up of a relatively constant set
of filaments which are rearranged to accommodate necessary
structural changes in the cell [15].
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Cell culture: Scanning electron microscopy
The endothelial cell line (CRL 1998) was obtained from ATCC
and grown to confluence in 25 cm2 flasks, in Media 199/10% fetal
bovine serum (FBS; Sigma Chemical Co., St. Louis, MO, USA).
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Fig. 1. This scanning electron microscopy (SEM) photograph of untreated cultured endothelial cells (ECs) reveals that untreated ECs are extensively covered
with microvilli and surface ridges. There are numerous large intercellular gaps. SEM X 1280
Cells were harvested by treatment with EDTA solution for two
minutes followed by coliagenase for five minutes and then trypsin
solution for 5 to 10 minutes. Suspended cells were plated for
confluent monolayers (approximately 8,000 cells/well) into Falcon
cell culture well membrane-inserts and grown for 24 hours in
Media 199 with 10% FBS. This approach to culture allows the
cells to assume a polar and, therefore, more natural phenotype
than standard monolayers on glass or plastic. At 24 hours, the
media was replaced by Media 199 supplemented with 0, 50, 100
and 500 U/mi of heparin. These were maintained for 4, 24 and 48
hours at 37°C under 5% CO2. At each time interval, wells from
each treatment group were removed, washed with phosphate
buffered saline (PBS) pH 7.2, fixed in 2% buffered giutaraldehyde,
and processed for scanning electron microscopy (SEM) study
according to a method published previously [161.
Cell culture: Immunofluorescence microscopy
In these studies, ECs were grown to confluence on glass slides
with teflon-masked wells (Cel Line, Inc.) allowing for 10 individ-
ual samples to be tested on each slide. This approach helped to
minimize sample to sample variations. Cells grew well on these
slides and no apparent differences in growth characteristics were
noted between these cells and those grown on membrane-inserts
described before. All studies included both 0 time and 0 treatment/48
hr growth control slides which were used to monitor baseline
expression of all antigens detected. In addition, all slides included a
PBS reagent control well and class-matched primary antibody con-
trol wells to quali' the specificity of labeling observed [17].
In all studies, cells were allowed to adhere and grow on slides
for 24 hours, followed by treatment with Media 199 containing 0,
50, 100 and 500 U/mI of heparin. Slides were maintained under
standard incubation conditions for 4, 24 and 48 hours. At 24
hours, fresh heparin containing media was used for replacement
to maintain the overall relative concentration of heparin for the
treatment period. Slides containing cells were harvested at each
time period by washing with PBS and fixed in methanol for one
hour, washed in PBS and then labeled with monoclonal antibody
to rabbit actin or vimentin (Zymed, South San Francisco, CA,
USA). After washing for one minute in PBS, cells were treated
with fluorescence isothiocyanate conjugated antimouse IgG or
1gM (FITC) secondary antibody (Sigma), and examined by im-
munofluorescence microscopy (IFM).
Enzyme-linked immunosorbent assay
To conduct cell-monolayer enzyme-linked immunosorbent as-
say (ELISA) assays [18], cells were grown to confluence in 96 well
flat-bottomed culture plates (Corning Inc., Corning, NY, USA),
treated with different concentration of heparin or dermatan (0, 50,
100, 500 U/mI) for 4, 24 and 48 hours, washed and fixed in place
with 100% methanol for 24 hours at 4°C. The ELISA was then
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Fig. 2. SEM micrographs of cultured ECs that were treated with 50 U/mI heparinforfour hours (A), 100 U/mI heparin for 24 hours (B), and 500 U/mI heparin
for 48 hours (C). These Figures show progressive decrease in surface microvilli and intercellular gaps with increasing concentration of heparin and
duration of treatment with heparin. In B, the EC surface is almost smooth and the cells are apposed to each other. In C, the EC surface is smooth with
complete blunting of microvilli. Slight or no intercellular gaps are seen in groups of cells (X 2 experiments). A, SEM >< 1280; B, SEM X 1280; C, SEM
x1280
performed directly on these cell monolayers. Following fixation,
plates were washed three times with 0.01 M PBS using a Corning
plate washer, then blocked to prevent nonspecific-binding with
3% FBS in 0.01 M PBS for 30 minutes. The blocking solution was
removed by aspiration. Test antibody mixed with 1% Tween-20
was added to each well (100 pA/well) at concentrations of 10 to 30
jxg/ml. The plates were incubated for one hour at 20°C and then
washed three times with 0.01 M PBS. One hundred microliters per
well of peroxidase conjugated anti-mouse antisera diluted in PBS
at 1:100 was added, and the plates were incubated for one hour at
20°C. Plates were washed three times with PBS. Chromophore-
substrate solution was made by addition of two chromophore
diaminobenzidine (DAB) tablets/lO ml of carbonate buffer. Chro-
mophore-substrate solution was added to each well (100 p1/well),
and plates were incubated at 20°C. Reactions were monitored and
read at 405 nm within 30 minutes using a VMax microtiter plate
reader and software.
Cell culture: Flow cytometty
Twenty-five cm2 flasks were seeded with 2 X i0 ECs (CRL
1998) and cultures were maintained until 100% confluence was
achieved. Cells were then maintained in serum-free media for 24
hours and subsequently exposed to different concentrations of
heparin (0, 50, 100, 500 U/mi). This treatment was maintained for
4, 24, and 48 hours. At each time interval, cells were harvested and
fixed overnight in 1% formalin. Each sample was washed twice in
PBS and divided into two sets: test and control (one pair for actin
and one pair for vimentin). The actin set was initially treated with
mouse monoclonal primary antibody to rabbit actin (IgG,
Zymed). After two PBS washes, actin set was stained with FITC
anti-mouse IgG secondary antibody (Sigma Immunochemicals).
The vimentin set was initially treated with monoclonal mouse
anti-vimentin primary antibody (1gM, Zymed). After two PBS
washes, the vimentin set was stained with FITC anti-mouse 1gM
secondary antibody (Sigma Immunochemicals).
Flow cytometry was performed using a Becton-Dickinson FAC-
Scan [19]. Cells were gated using forward and side scatter profiles
to exclude debris and clumps. Gated cells were analyzed for
fluorescence using an Argon Laser with excitation at 488 nm and
emission evaluated between 530 to 580 nm. At least 10,000 cells
were analyzed for all samples.
Results
SEM studies
Untreated (OU ml/heparin) cultured ECs exhibited a rough
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Fig. 3. Immunofluorescence labeling. A (top left). The detectable actin signal is pronounced in cultured ECs treated with 0 U/mI heparin for 24 hours(x 150). B (second left). After treatment with 500 U/ml heparin for 24 hours, the actin signal was markedly reduced and disassembled in most ECs
(x 150). C (third left). After 48 hours treatment with 500 U/mi heparin in which actin signal was almost undetectable (X 150) (X 4 experiments).
Fig. 4. Immunofluorescence labeling. A (top right). Effect of treatment with 0 U/mI heparin at 0 hours. Extensive vimentin web and filaments were
detected throughout all the cells (X330). B (second right). After treatment with 500 U/mI heparin for 48 hours, the vimentin filaments were retracted
into a perinuclear location and few or no cytoplasmic webs are observed (X330) (X 4 experiments).
OU 50U 100U 500U
Heparin dose
Fig. 6. Percent reduction of cultured ECs positive for actin in a dose-
dependent fashion by heparin treatment for 48 hours. By 48 hours, only
27.5% of ECs were positive for actin labeling which was significantly (*P
< 0.001) lower than 71.5% ECs positive for actin labeling with OU/ml
heparin (X 4 experiments).
(Fig. 1). After treatment with heparin, the cell surface revealed a
progressively increased smoothing as a result of blunted surface
microvilli (Figs. 2 A-C). A progressive decrease was noted in the
number of microvilli and other surface projections (undulations
and ridges) and in the intercellular gaps following increased
dosage and duration of heparin treatment. After heparin treat-
ment for 48 hours, surface microvilli were mostly blunted, display-
ing a distinctly modified presentation of the cell surface. In
addition, the cells were apposed to each other leaving slight or no
discernible intercellular gaps (Fig. 2C).
Immunofluorescence studies
In the case of actin, an overall lowering of the detectable signal
was observed with heparin treatment. This was determined by the
number of reactive cells within a given field, and by the intensity
of reaction in the cells. Changes in the detectable actin signal
observed within these cells upon exposure to heparin correlated
with time/concentration of exposure in the same manner as EC
surface relaxation observed by scanning electron microscopy.
Thus, cellular actin was detected in most cells at 24 hours with
OU/ml heparin treatment and was widely distributed throughout
the cytoplasm of these cells (Fig. 3A). With increasing concentra-
tion of heparin and duration of exposure, the detectable actin
signal within these cells became markedly reduced in both its
distribution and the number of cells that remained reactive as well
as displaying organizational disruption (Fig. 3B). By 48 hours of
500 U heparin exposure, actin was hardly detectable (Fig. 3C).
Unlike actin, a moderate change in detectable vimentin signal
related to the concentration of heparin and duration of its
exposure was also noted. At 0 (OU/ml heparin) time, these cells
showed an extensive cytoplasmic web of vimentin filaments
throughout most of the cell body (Fig. 4A). However, as time and
concentration of heparin treatment progressed, the organization
of vimentin had undergone moderate changes. Thus, the detect-
able cytoplasmic vimentin web was modified and eventually
disappeared, while the perinuclear vimentin "core" structure
became larger and more dense in terms of labeling intensity (Fig.
4B). These observations are also consistent with the cell surface
changes already described.
In addition to studies of ECs morphology and cytoskeletal
rearrangements, labeling studies were also conducted with the cell
cycle marker MIB-1 using the monoclonal antibody Ki-67. This
antibody has been reported to label a protein/DNA complex
which assembles to differing degrees within the nucleus during all
stages of the cell cycle except G0. Loss of this signal is therefore
considered to represent cellular quiescence and slow or no
proliferation [20, 21]. In our studies, Ki-67 labeled most cell nuclei
at 0 (OU/ml heparin) treatment time with an intense pattern
which involved the nucleolus and a generalized speckled pattern
in the nucleoplasm (Fig. 5A). With heparin treatment, the label-
ing pattern showed a progressive reduction in observed intensity
and with substantially fewer cells being positive. After a 48 hour
treatment with 500 U/ml heparin, most ECs displayed only dim
labeling of the nucleolus (Fig. 5B). These results suggest that
heparin has an antiproliferative effect on cultured ECs. Such an
antiproliferative effect has also been noted in VSMCs following
heparin treatment [22] and may reflect a similar or identical
pathway in both cell types.
Fig. 5. Immunofluorescence labeling. A (third right). After treatment with 0 U/mI heparin for 48 hours, the ECs MIB-1 display marked signalling in all
ECs nuclei (X150). B (bottom right). After treatment with 500 U/mI heparin for 48 hours, both the number and intensity of positive nuclei for MIB-1
are markedly reduced (X 150) (X experiments).
Fig. 7. (bottom left) Flow cytometric histogram of cultured ECs (CRL 1998) treated with actin antibody. Red curve displays the background fluorescence
of ECs labeled with isotypic control antibody. Grey curve represents actin labeling of heparin untreated cells at 48 hours. Green, brown and blue curves
represent actin labeling of ECs treated with 50 U/mI, 100 U/mi or 500 U/mI of heparin, respectively. After 48 hours of incubation, shift of the curves
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Table 1. Heparin-induced changes in detectable actin
Duration of
treatment 0 Units/ml 50 Units/mI 100 Units/mI 500 Units/mI
4 hours 1.10 0.116 1.09 0.598 1.21 0.126 1.06 0.051
P 0.9402 0.3268 0.6625
24 hours 1.12 0.060 1.15 0.040 1.15 0.030 0.866 0.008
P 0.4478 0.4554 0.0027a
48 hours 1.347 0.063 1.308 0.102 1.090 0.039 0.844 0.074
P 0.5991 0.0039a 0.0008a
Values are reported as optical density (OD). P values indicate relative significance of difference between 0, 50, 100 and 500 units/mI treatment groups
at each time interval.
a Statistically significant
Table 2. Heparin-induced changes in detectable vimentin
Duration of
treatment 0 Units/mI 50 Units/mI 100 Units/mI 500 Units/mI
4 hours 1.55 0.2549 1.68 0.0390 1.57 0.0360 1.55 0.1062
P 0.4341 0.8895 0.9937
24 hours 1.76 0.0700 1.75 0.0473 1.65 0.0225 1.50 0.1640
P 0.9080 0.0591 0.0697
48 hours 1.82 0.052 1.788 0.0314 1.77 0.0344 1.41 0.004
P 0.2598 0.2318 0.0002
Values are reported as optical density (OD). P values indicate relative significance of difference between 0, 50, 100 and 500 units/ml treatment groups
at each time interval.
a Statistically significant
Table 3. Dermatan sulfate-induced changes in detectable actin
Duration of
treatment 0 Units/mI 50 Units/mI 100 Units/mI 500 Units/mI
4 hours 0.155 0.16 0.105 0.005 0.107 0.003 0.158 0.023
P 0.3928 0.4565 0.1580
24 hours 0.124 0.02 0.147 0.006 0.135 0.01 0.162 0.088
P 0.1815 0.3890 0.5042
48 hours 0.120 0.03 0.112 0.004 0.128 0.026 0.145 0.016
P 0.7535 0.7239 0.2620
Values are reported as optical density (OD). P values indicate the statistical significance of difference between 0 treatment and 50, 100 or 500 units/mI
treatment groups at each time interval.
ELISA
ELISA results demonstrating quantitative changes in actin and
vimentin are presented in Tables 1 and 2. Table 1 illustrates that
four hours heparin treatment did not reduce actin. After 24 hours,
a significant reduction in actin was noted at a higher dose of
heparin (500 U/ml). At 48 hours, a significant decrease in actin
was observed with both 100 and 500 U/ml of heparin. Vimentin
showed no change with heparin treatment for 4 and 24 hours.
However, a significant decrease in vimentin was observed follow-
ing 48 hours of treatment with a high dose (500 U/mi) of hepariri
(Table 2). No significant change in actin signal was observed in
cells treated with different concentrations of dermatan at each
time interval (Table 3).
Flow cytomet.'y
After four hours and 24 hours of heparin treatment, actin
labeling of ECs did not significantly change. After 48 hours of
heparin treatment, actin labeling in ECs was reduced significantly
and in a dose-dependent fashion (Fig. 6). The rate of reduction of
ECs actin labeling was highly significant (P < 0.001). A progres-
sive decrease in fluorescence intensity of actin labeling in ECs was
noted with increasing dose of heparin (Fig. 7). After 48 hours of
treatment with high dose of heparin (500 U/mm), a significant
decrease in fluorescence intensity of vimentin labeling in ECs was
also noted.
Discussion
Observations made in this study demonstrate time and dose-
dependent effects of heparin on the surface configuration, as well
as cytoskeletal elements, actin and vimentin in cultured ECs. The
overall surface effects of heparin on ECs are blunting of surface
structures, particularly microvilli and surface ridges, and loss of
intercellular gaps. These effects result in smoothing and apparent
relaxation of the apical cell surface. The most likely interpretation
of these data are that heparin functions to cause cytoskeletal
reorganization and/or inhibit protein expression within the
treated endothelial cells. In particular, the blunting of surface
microvilli strongly suggests that actin, which makes up the struc-
tural core protein of microvilli, is being disassembled [14]. Cellu-
lar microvilli is a site of Ca2 absorption [14], and since heparin
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has been shown to suppress Ca2 entry into the cell [5], blunting
of microvilli may be due to loss of calcium-dependent actin
filaments. The decrease of actin signal by heparin may represent
a reduction of active microfilaments rather than of microvilli,
because microfilaments occupy a large portion of the cell struc-
ture. Disturbance of microfilaments may cause expansion of
intercellular gaps and increase in cell permeability [23]. Thus, by
significantly reducing actin signal as shown by ELISA and flow
cytometry, heparin will exert a reverse effect on intercellular gaps
(Fig. 2C) and decrease in cell permeability. Vimentin which is the
intermediate filament protein and the internal anchor for mi-
crovilli also showed a significant change but at a much slower rate
than actin by both ELISA and flow cytometry techniques.
Endothelial cells contain bundles of cytoplasmic filaments [15,
24, 25]. Generally, the cellular cytoskeleton contains actin (thin
filament), intermediate filaments and microtubules. ECs contain a
large amount of actin and intermediate filaments [25]. The
cellular microvilli contain an actin-based cytoskeleton; however,
thus far, the function of this cytoskeleton is not clearly and
completely defined [14]. Intermediate filaments comprising
mostly vimentin are not contractile; instead they function as a part
of the cytoskeleton to maintain cell shape and resist mechanical
stress [24, 26]. In the endothelium, the intermediate filaments may
provide an elastic supporting structure which allows configura-
tional changes, thereby resisting intravascular pressure changes
[27].
While the role of intermediate filaments such as vimentin in the
pathophysiology of hypertension is unknown, a relationship be-
tween actin and blood pressure changes has been documented
[13]. To investigate this relationship, Gabbiani, Badonnel and
Rona [13] developed a coarctation model of hypertension in the
rat and elegantly showed that ECs in the hypertensive segment of
aorta (blood pressure 160 mm Hg) contained extensive numbers
of microfilaments compared to those in the normotensive segment
of the aorta (blood pressure 25 mm Hg). The few microfilaments
seen in the normotensive segment of the aorta were similar to
those in the normotensive controls. Fixation of actin autoantibod-
ies to the EC filaments of the hypertensive segment indicates, that
at least some of these filaments were actin, and probably part of
a contractile apparatus. Therefore, these authors suggested that
increased blood pressure may play a role in the formation of actin
filaments.
Although the precise role of cytoplasmic actin filaments in
hypertension has not been elucidated, our observations may shed
some light on this anatomic-pathologic relationship. We have
reported that in hypertensive rat models, heparin consistently
lowers blood pressure. This blood pressure lowering effect of
heparin may be at least, partly due to decreased ET-1 and
increased NO production by ECs [28]. However, the mechanism
as to how changes in these vasoactive substances cause vascular
relaxation and decreased vascular resistance has remained un-
clear. In this study, we have shown that in cultured ECs, heparin
exerts a potent inhibitory effect on EC actin, while simultaneously
changing cellular organization of vimentin. Since a previous study
has shown an association between enhanced detection of EC actin
and elevated blood pressure [13], a reduction of EC actin by
heparin as shown in this study should reflect upon vascular
relaxation, that is, blood pressure reduction. Heparin's effect on
EC's cytoskeletal elements suggest that similar changes may also
occur in VSMCs. Since heparin has already been shown to have a
profound antiproliferative effect on VSMCs [3, 22, 28], it is likely
that heparin will induce similar cytoskeletal changes in VSMCs, as
in ECs. Reduction in VSMC contractile actin would, in turn, be
reflected in further reduced vascular tone and blood pressure.
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